Background--Real-time monitoring is used to the ends of postmarketing observational research on newly marketed drugs. We implemented a pilot near-real-time monitoring program on the test case of oral anticoagulants. Specifically, we evaluated the safety and effectiveness of direct oral anticoagulants compared to vitamin K antagonists in nonvalvular atrial fibrillation secondary prevention during 2013-2015 in the Lazio Region, Italy.
fficacy and safety of new drugs are typically evaluated in randomized controlled trials, but clinical trials may not always be sufficiently informative. Major limitations of randomized controlled trials are the small and selected study populations, the short observation time, and the wellmonitored adherence, all of which do not reflect real-world conditions.
1 Postmarketing observational studies are needed to complement the results of clinical trials. 2 A standardized methodology has been implemented in the context of the Sentinel Program, 3, 4 which allows monitoring of the safety and effectiveness of newly marketed drugs through aggregation of data from different data sources, as soon as the data become available, using standardized methods. [5] [6] [7] [8] [9] [10] [11] [12] Postmarketing information is particularly useful for new drugs that have not shown a clear superiority versus the comparator drug in randomized controlled trials in the context of incremental licensing procedures, such as "adaptive licensing." Direct oral anticoagulants (DOACs, ie, dabigatran, rivaroxaban, apixaban) offer an alternative to vitamin K antagonists (VKAs, ie, warfarin, acenocoumarol) for the prevention of stroke or systemic embolism and all-cause mortality in patients with nonvalvular atrial fibrillation (AF). The main advantages of using DOACs with respect to VKAs are that there is no need to monitor the international normalized ratio and that they show fewer interactions with food. On the other hand, some DOACs require renal function to be regularly monitored 13 and are associated with higher costs.
A meta-analysis, based on randomized controlled trials comparing individual DOACs with warfarin [14] [15] [16] among nonvalvular AF patients, 17 showed a significant reduction in the risk of total mortality and hemorrhagic stroke and an increased risk for gastrointestinal bleeding associated with the randomization to DOACs. Subsequently, several healthcare database analyses comparing individual DOACs versus warfarin or VKAs have been conducted to answer questions regarding their relative safety and effectiveness in routine care, but results have not been homogeneous among different studies. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In a context of rapidly accumulating postmarketing information, the establishment of a robust framework capable of generating valid, timely information on the safety and effectiveness of new medications to either support or limit evolving observed prescribing changes ( Figure S1 ) is highly valuable. We were interested in the pilot implementation of a medication-monitoring program and chose oral anticoagulants as a test case in response to a request by the regional healthcare government. This request was motivated by the current absence of effectiveness and safety information on these agents as used in routine care in Italy. The ultimate goal is the creation of a monitoring framework that could promptly provide Italian prescribers with relevant clinical information on the safety and effectiveness of newly marketed drugs.
Methods Study Design
We conducted a sequential propensity score (PS)-matched new user parallel cohort design of DOAC versus VKA initiators and implemented a pilot near-real-time monitoring program in the Lazio Region in central Italy, leveraging population-based healthcare data. This design has many key strengths, 28 1 of which is to reduce channeling bias, which may be particularly pronounced in studies of newly marked drugs.
Source of Data
The Lazio Region healthcare assistance file collects demographic and residence information of all residents living in the Lazio Region and registered in the regional health service, accounting for 95% of the overall population. This database can be linked with other regional health information systems through an anonymous unique patient identifier, to capture the clinical history of this population. The present study is based on anonymized patient data available in the regional health information system, and the study protocol obtained consensus from the regional ethics committee. The data, analytic methods, and study materials have been and will be made available to other researchers for purposes of reproducing the results or replicating the procedure on request to the corresponding author.
Study Population

Inclusion/Exclusion Criteria
The study population consisted of sequential cohorts of DOAC or VKA new users aged 18 to 100 years between July 1, 2013 and December 31, 2015. In Italy, DOACs were authorized for nonvalvular AF treatment during 2013: the first was dabigatran on June 19, followed by rivaroxaban and apixaban later in September 2013 and January 2014. We considered a period of 11 days as the minimum time gap for physicians to begin to implement the extended indication. Moreover, this choice
Clinical Perspective
What Is New?
• This is the first pilot of a near-real-time monitoring program of newly marketed drugs in Italy.
• Administrative health claims data were used to provide near-real-time evidence for the safety and effectiveness of newly marketed direct oral anticoagulants.
What Are the Clinical Implications?
• In this study on secondary prevention in patients affected by nonvalvular atrial fibrillation, use of new direct oral anticoagulants compared with vitamin K antagonists was associated with a lower risk of all-cause and cardiovascular mortality, hemorrhagic stroke, myocardial infarction, and ischemic stroke, although the risk of gastrointestinal bleeding was increased.
• This pilot program lays the basis for the implementation of real-time monitoring of new drugs in our region and elsewhere.
allowed us to easily divide the overall study period into 3-month sequential interim periods. Study participants were patients not prescribed with any oral anticoagulant drugs in the 6 months before the first drug claim for a DOAC or a VKA agent during the study period (index date). We only included drug initiators who were continuously enrolled in the regional healthcare assistance file throughout the 12 months preceding the index date and who had a diagnosis of AF (ICD-9-CM codes 427.31 or 427.32) registered in Hospital Information System or Healthcare Emergency Information System in the 12 months before the index date.
We excluded patients with mitral stenosis or mechanical heart valve in order to select only patients with nonvalvular AF. Patients undergoing dialysis or with a history of renal transplant were also excluded as severe renal impairment is a contraindication for DOAC prescription. Finally, patients with joint replacement were excluded to ensure that DOACs were used for the AF indication only. All exclusion criteria were assessed during the 12 months before the index date (code lists of exclusion criteria are reported in Table S1 ).
Exposure
We compared the overall group of DOACs marketed in Italy during the study period (dabigatran, rivaroxaban, apixaban) with VKAs (warfarin, acenocoumarol). Drugs were identified using ATC codes (rivaroxaban ATC B01AF01, apixabam ATC B01AF02, dabigatran ATC B01AE07, warfarin ATC B01AA03, acenocoumarol ATC B01AA07).
Because information on the exact number of days supplied is not available in the Regional Drug Dispense Registry, patients' drug use periods were calculated using the defined daily doses (DDD) metric as defined by the World Health Organization. 29 For each prescription the total number of DDDs was translated into the number of days in which the patient was treated, counting 1 DDD per day and distributing all available DDDs to the days of follow-up and allowing for the use of accumulated DDDs over time.
We allowed for a renewal grace time (a maximum number of days without any drug supply permitted between 2 consecutive drug claims of the same drug group) of 90 days and a final grace period (extension of the observation period after the last day of exposure) of 90 days.
The duration of the grace periods was chosen on the basis of the distribution of the mean difference between 2 consecutive drug claims observed in the study population and on the basis of a descriptive analysis for a sample of our VKA population for whom we obtained information regarding the individual prescribed doses.
Follow-up and Outcomes
Follow-up started on the day following the index date and ended at the occurrence of the first event among a study outcome, death, regional healthcare assistance disenrollment, discontinuation of the index drug treatment (defined as a gap greater than 90 days between the last day covered by a drug claim and the start of the subsequent drug claim of the same drug group; date of discontinuation was defined as the date of last day covered by DDD prescribed plus the grace period of 90 days), switch to the alternative drug group, and end of the study period (December 31, 2015) , in an as-treated approach.
The primary study outcome was mortality for any cause; secondary outcomes were cardiovascular mortality, acute myocardial infarction, ischemic and hemorrhagic stroke, and gastrointestinal bleeding (see Table S2 for outcome definitions). Each outcome was evaluated separately. If more than 1 study outcome occurred during the follow-up time, we considered each of them in separate analyses. If patients experienced the same study outcome more than once, only the first outcome was considered.
Patient Characteristics
Patient characteristics were measured from the different health information systems during the year before the index date and included demographic information, comorbidities (eg, risk factors for bleeding, ischemic stroke), drug use (eg, oral cardiovascular agents, medications that increase bleeding risk, interacting medications), measures of health service utilization, a combined comorbidity score, 30 CHA 2 DS 2 -VASc and HAS-BLED scores, 31 adapted for administrative data, for a total of 90 potential confounders (see Table S3 for a complete list of patient characteristics and related ICD-9-CM and ATC codes).
Statistical Analysis
Identification of Sequential PS-Matched Cohorts
We started the monitoring program on July 1, 2013. After the first monitoring period comprising 6 months (July 2013 through December 2013), we used subsequent monitoring intervals of 3 months for cohort update. In each interval we identified new users of DOACs and VKAs on a periodic basis as data became available. In this pilot phase we identified 9 monitoring periods. In Italy healthcare data are collected for administrative purposes by the regional government, which then grants access to updates with a 6-month delay. In this study we implemented a sequential analysis built on 3-month windows to mimic an ideal situation characterized by 3-month delays between data collection and analysis.
For each monitoring period, we estimated PS models on all eligible initiators during that interval, keeping matches from previous intervals fixed. PS was estimated in a logistic regression model as the probability of being prescribed with a DOAC versus a VKA conditional on the 90 potential confounders reported in Table S3 . DOAC initiators were 1:1 PS-matched to their nearest VKA initiators within a caliper of 0.05 on the PS scale. 32 In each monitoring period, covariate balance between the 2 matched exposure groups was evaluated through absolute standardized differences; values below 0.1 were interpreted as evidence of good balance achievement. 33 
Sequential Analyses
To compare the risk of each outcome of interest between DOAC and VKA new users over time, at the end of each monitoring period we calculated cumulative PS-adjusted hazard ratios (HRs) and their 95% confidence intervals (CIs) using Cox proportional hazard models stratified by matched set. The proportional hazards assumption was assessed using Schoenfeld residuals. We decided a priori to continue the monitoring program throughout the entire study period July 2013 through December 2015, so we did not conduct sequential testing [34] [35] [36] at each interim analysis to assess whether the accumulated evidence was sufficient to stop or to continue the monitoring.
To account for the fact that patients may be prescribed therapeutic doses other than the DDD or may not be perfectly adherent to daily drug therapy, we performed an intention-totreat analysis, in which the follow-up started on the day following the index date and ended at the occurrence of the first event among a study outcome of death, regional healthcare assistance disenrollment, 12 months of followup, or end of study period (December 31, 2015), without considering index treatment discontinuation.
Implementation Details
In the first monitoring period (July 2013 through December 2013), all DOAC and VKA users with an index date in this period were enrolled, applying inclusion/exclusion criteria, and the information data related to 90 covariates (retrieved from different health information systems in the year before the index date) were used to build the PS. Then, DOAC and VKA users were matched 1:1, using the nearest-neighbor method. The 2 matched cohorts were followed-up from the day after the index date to the occurrence of the first event among study outcome, death, disenrollment, discontinuation, switching, and end of first monitoring period (December 31, 2013) . At this point the first analysis was performed running a Cox proportional hazard model stratified by match set to estimate the HRs for the study outcomes. In the second monitoring period (January 2014 through March 2014), all DOAC and VKA users with an index date in this period were enrolled, and the information related to 90 covariates was used to build the PS and to match them 1:1. The 2 matched cohorts were followed up from the day after the index date to the occurrence of the first event among study outcome, death, disenrollment, discontinuation, switching, and end of second monitoring period (March 31, 2014). Meanwhile, follow-up time for the DOAC and VKA users cohorts already matched in the first monitoring period were extended until the occurrence of the first event among study outcome, death, disenrollment, discontinuation, switching, and end of the second monitoring period. At this point the second analysis was performed running a crude Cox proportional hazard model to estimate the second updating study outcome HRs. This procedure was then used for the further monitoring periods, following the scheme proposed by Schneeweiss and colleagues. 28 Analyses were performed using SAS 9.2 (SAS Institute Inc, Cary, NC) and Stata version 12 (Stata Corporation, College Station, TX).
Results
Study Population and Patient Characteristics
During the study period, DOAC use increased steadily, while VKA use sharply dropped until DOACs outweighed VKAs in September 2015 ( Figure S1 ). Overall, 124 684 patients initiated an oral anticoagulant agent during the study period. After the application of the inclusion and exclusion criteria, the study population accounted for 19 201 patients overall, with the following distribution in each of the 9 periods: 4199 patients in the first period (19.7% DOACs), 2351 in the second (30.2% DOACs), 1901 in the third (35.6% DOACs), 1657 in the fourth (41.2% DOACs), 1817 in the fifth (48.4% DOACs), 1990 in the sixth (53.6% DOACs), 1959 in the seventh (55.3% DOACs), 1515 in the eighth (58.8% DOACs), 1815 in the ninth (63.5% DOACs) (Figure 1) .
Before PS matching, some covariates were unbalanced across most monitoring periods (data not shown). VKA patients were more likely to have a history of chronic kidney disease, percutaneous coronary intervention, acute myocardial infarction, and other cardiovascular diseases, whereas DOAC patients had a higher prevalence of prior ischemic stroke. VKA patients were also more likely to receive treatment with heparin and diuretics at baseline. After PS matching, all patient characteristics were well balanced, as assessed by absolute standardized differences lower than 0.1 (Table S4 reports patient characteristics and their balance between the 2 groups at the end of the ninth period before and after PS matching).
PS-matched sequential cohorts steadily accumulated over time, starting with 1650 enrollees in the first monitoring period and reaching 10 742 in the ninth period.
Safety and Effectiveness Outcomes
For all outcomes of interest, with increasing numbers of enrollees, power and precision of the effect estimates increased over time (Figures 2 through 7) .
Compared with VKAs, DOACs were associated with a decrease in the risk of total mortality, with a broad confidence interval in the first period (HR 0.42; 95% CI 0.16-1.11) and a more precise estimate at the end of the study period (HR 0.81; 95% CI 0.66-0.99) (Figure 2) . DOAC use was also associated with a 29% reduction in the risk of cardiovascular mortality (HR 0.71; 95% CI 0.54-0.93, by the end of the study period) compared with VKA use (Figure 3) . By the end of the study period, we observed a decrease in risk of acute myocardial infarction associated with the use of DOACs (HR 0.67; 95% CI 0.43-1.04), although effect estimates were imprecise due to the low number of events (Figure 4) . DOAC use was also associated with a nonsignificant reduction in the risk of ischemic stroke (HR 0.87; 95% CI 0.52-1.45) and with a meaningful but imprecise reduction in the risk of hemorrhagic stroke (HR 0.25; 95% CI 0.07-0.88) and ischemic stroke (HR 0.87; 95% CI 0.52-1.45) (Figures 5 and 6 ). Finally, we observed a nonsignificant excess in the risk of gastrointestinal bleeding among DOAC initiators compared with patients initiating VKAs (HR 1.26; 95% CI 0.69-2.30) (Figure 7) .
Results from the intention-to-treat analysis mostly confirmed the main findings (Table S5) .
Discussion
In this pilot implementation of a near-real-time monitoring program in Italy, patients with nonvalvular AF initiating DOACs had a significant reduction in the risk of all-cause and cardiovascular mortality and in the risk of hemorrhagic stroke compared with VKA initiators with AF. DOACs were also associated with a slightly decreased risk of myocardial infarction and ischemic stroke and with a nonsignificant increased risk of gastrointestinal bleeding. The different outcomes were analyzed independently from each other, and competing risks were not considered.
Our findings are in line with results of 3 meta-analyses of randomized clinical trials comparing DOACs versus VKAs. 17, 37, 38 Specifically, the reduced risk among DOAC users to experience all-cause mortality, hemorrhagic stroke, and ischemic outcomes is comparable across studies. Also, our nonsignificant finding of an increased risk of gastrointestinal bleeding is confirmed by 2 of the meta-analyses. 17 not conclusive, especially regarding the real-world setting. Therefore, our regional health policy makers committed to this study. As mentioned above, we believe this is still a relevant clinical question in the context of local settings where specific patterns of use of medications may play an important role toward their overall safety and effectiveness. This relevant question is embedded within the first pilot implementation of a monitoring framework in Italy and, to our knowledge, in Europe. This system could be used to promptly monitor new drugs nationwide with the ultimate goal to provide stakeholders with information for rapid decision making.
In this pilot monitoring program the sequential accrual of the data was simulated to conduct sequential analyses. As new medications enter the market, this monitoring framework will promptly provide Italian prescribers with relevant clinical information on the safety and effectiveness of new agents in "near"-real-time, which comes from the fact that there is generally a lag between when the drug is delivered to a patient and when the data become available for analysis. 28, 39 This occurs in temporal updates, which we refer to as "monitoring periods" in the current article. This is a peculiarity of claims data in general and, thus, of postmarketing surveillance programs based on claims data, including the US Sentinel program. In Italy, healthcare data are collected for administrative purposes by the regional government, which then grants access to updates with a 6-month delay. In this study we implemented a sequential analysis built on 3-month windows to mimic an ideal situation characterized by 3-month delays between data collection and analysis. The usefulness of a real-time monitoring system as demonstrated by this pilot study may drive the process of accelerating data access in Italy.
As in the majority of observational studies based on administrative databases, confounding is a challenge. We tried to rule out measurable confounding as much as possible using specific techniques in the design and in the analysis. To this end, we excluded patients with hospital and/or specialist care codes for chronic dialysis and those with kidney replaced by transplant (Table S1 ). In the propensity score we accounted for over 90 potential confounders, which included chronic kidney disease, percutaneous coronary intervention, and the use of antiplatelets (Table S3) .
In studying newly authorized drugs, confounding by indication is a potential risk. In a monitoring program it is fundamental to account for the potential temporal changes in prescribing patterns. As shown in Figure S1 , prescribing patterns of DOACs and VKAs rapidly changed over time: in the first month after authorization, DOACs accounted for about 10% of newly prescribed anticoagulants in AF patients, whereas at the end of our observation period, DOACs had become the first anticoagulant choice. To account for these rapid changes, we PS-matched patients within 3-month monitoring periods.
Another critical issue may come from socioeconomic differences in access to treatment and risk of the outcome, but a previous investigation on secondary prevention after myocardial infarction in a similar population in the same region showed that in our healthcare system, where chronic drug treatment is equally accessible to all residents, this is not an issue. 40 A strength of our population-based observational study is that we were able to enroll all patients treated with the study drugs in a real-world setting, independently of older ages, comedications, comorbidities, and so forth. Consequently, our population is older and sicker than those included in clinical trials and is representative of patients actually treated. In order to guarantee internal validity, we applied some exclusion criteria, such as renal disorders, and therefore, our results may not be transferrable to special populations such as patients with chronic kidney disease. Our study has several limitations, one of which is the risk of residual confounding. We accounted for 90 potential confounders available in our data, but we did not have any detailed clinical information, which might play an important role. In particular, we built proxies of CHA 2 DS 2 -VASc and HAS-BLED scores, but as values of creatinine clearance were not available, we used the number of creatinine tests instead. Moreover, our data lack important sociodemographic information such as body mass index, smoking, and socioeconomic status. For a subset of the study population, receiving care at an anticoagulant center of the Lazio Region, some clinical variables recorded during ambulatory visits, which are not captured in administrative databases (such as type and dosage of anticoagulant drugs, exact HAS-BLED and CHA 2 DS 2 -VASc score, international normalized ratio value, creatinine clearance, and others), will become available for subsequent monitoring periods. This information will allow us to evaluate the balance of these potential unmeasured confounders between exposure groups within this subset and to possibly use that balance for adjustment purposes.
Another limitation of this study was the adherence calculation using the DDD to approximate the days supplied, especially for VKAs, as physicians frequently need to adapt individual prescribed doses according to periodic international normalized ratio measurements, and our data provide neither individual doses nor results of the international normalized ratio measurements. We addressed this limitation by applying a grace period of 90 days in the main analysis and by performing sensitivity analyses with an intention-to-treat approach, which produced consistent results to the main findings.
Weaknesses related to study power, unmeasured confounding, and generalizability will be addressed in a next step, extending the study population to other Italian regions and performing external adjustment using detailed clinical information available for a subsample of the Lazio cohort. A larger sample size will also allow for comparing single DOACs versus single VKAs and performing intraclass comparisons among individual DOAC agents to test the potential differences in safety and effectiveness among the different DOACs highlighted previously. 22 
Conclusions
The present study describes the pilot implementation of a monitoring program for newly marketed medications in the Lazio region and demonstrates the feasibility of such a framework to produce timely and valid evidence on the comparative safety and effectiveness of new drugs. In Italy, all healthcare-related data are routinely collected for administrative purposes, and the access does not imply any extra costs. Using these data for postmarketing surveillance is actually an added value, which requests an investment in human resources but not in data acquisition. Thus, a system based on routinely collected data is much more cost-effective than any active data collection for monitoring purposes. Although active pharmacovigilance is based on cases reported by healthcare providers and thus depends on their awareness and willingness to actively feed the system, a system based on routine data can identify a much larger range of outcomes. A fully developed monitoring system will be a useful instrument for clinicians and healthcare decision makers, defining the net incremental value of new agents.
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